MicroRNAs (miRNAs) are ~21-24 nucleotide regulatory RNAs derived from hairpin transcripts that are abundant in animals, plants and even viruses. Although miRNAs were formally codified as a gene class in late 2001 (Refs 1-3), their study was rooted in genetic analyses of worm [4] [5] [6] [7] and fly 8, 9 development during the 1990s. These early works revealed key features of miRNA transcripts, some of the significant biological uses of miRNAs and insights into how ~7-nucleotide 3′ UTR elements mediate miRNA function through target deadenylation and destabilization, as well as translational inhibition. The subsequent explosion of miRNA research in the current decade has yielded breathtaking advances in our understanding of the mechanism and biology of miRNA control 10, 11 . Our goal in this Review is to rationalize how and why miRNAs have been incorporated into biological networks. In particular, some of the emerging principles that are shared across unrelated developmental or physiological settings seem to reflect the particular utilities of miRNAs in gene regulation.
Overview of miRNA biogenesis and activity miRNAs derive from longer primary transcripts bearing one or more local hairpins, which are cleaved by RNase III enzymes to yield ~21-24 nucleotide RNA duplexes. Single strands from the duplexes are selected for association with Argonaute proteins, which guide them to complementary targets for regulation 10 .
In plants, most miRNAs exhibit extended complementarity to one or a few predicted targets 12 , and directed tests have validated ~100 mRNAs that are cleaved by an endogenous miRNA and an Argonaute protein with Slicer activity [13] [14] [15] . High-throughput sequencing of RNAs with 5′ monophosphates (which excludes capped mRNAs) provides an opportunity to identify miRNA-cleaved transcripts genome-wide 16, 17 . Application of this unbiased approach to Arabidopsis thaliana uncovered some novel targets, but most of the high-confidence targets had been previously identified or predicted. This suggested that plant miRNAs indeed have only a small number of targets. In addition to cleaving their targets, plant miRNAs can direct the translational inhibition of highly complementary targets, raising the possibility of reversible regulation 18 .
In animals, few mRNAs seem to be sufficiently complementary to miRNAs to be cleaved by a Slicer mechanism. Instead, most miRNA target sites contain seven nucleotides of Watson-Crick base-pairing to positions 2-8 of the miRNA (numbering from the 5′ end), also known as the miRNA 'seed' 19 . However, there is still mechanistic diversity in animal target regulation, which can take place through target degradation and/or through translational repression 20 . Target predictions based primarily on conserved seed pairing and local sequence or structural features suggest that individual animal miRNAs often have >100 targets, and that at least 20-30% of animal
Genetic drift
Changes in allele frequency or nucleotide identity that occur entirely by chance.
transcripts bear one or more conserved miRNA binding sites in their 3′ UTR [21] [22] [23] . Additional targets may potentially be regulated through miRNA binding to atypical sites with imperfect seeds 6, [24] [25] [26] or non-conserved sites [27] [28] [29] . Therefore, the direct target network of animal miRNAs is inferred to be quite substantial.
Classifying miRNA-target relationships because individual organisms can have hundreds of miRNAs and many thousands of miRNA targets, it is unlikely that the biological consequences of miRNAmediated regulation will be the same in all cases. Some relevant parameters to consider are how much a given target is repressed by a miRNA, and how much the target repression matters in a given biological setting. One can also ask whether the miRNA operates through one target or many targets, each of which might behave differently with respect to the quantitative and qualitative consequence of miRNA control.
In one of the earliest proposals for how to classify miRNA activities, their targets were categorized as 'switch' , 'tuning' and 'neutral' 30 (fIG. 1a) . In this scheme, switch targets are ones with activity that is reduced by miRNAs to inconsequential levels -that is, ones that are essentially turned off by miRNAs. Tuning targets are ones with activity that is not eliminated by miRNAs -that is, targets that remain functional in miRNA-expressing cells. The regulation that is mediated by switch and tuning sites is useful enough to be positively selected during evolution. Neutral targets are involved in species-specific regulatory interactions that are of no particular consequence to the cell. As they are neither advantageous nor adverse, neutral sites are expected to readily appear and disappear through genetic drift during evolution. Presumably only in rare instances do evolutionarily novel miRNA target sites provide beneficial regulation that is species-specific. It was also suggested that many genes would be negatively affected by the acquisition of miRNA-binding sites, and 'anti-targets' that are depleted for miRNA-binding sites indeed exist 28, 29, 31 . Another way to classify miRNA activities regards whether they make intrinsic detectable contributions to morphology, physiology or behaviour. We call these miRNA activities 'genetic switches' , to reflect the fact that the importance of target regulation can be detected by organismal phenotype (fIG. 1b) . Importantly, genetic switch targets do not wholly overlap with the general switch category described above 32 . For example, a miRNA can reduce a target to an inconsequential level, but this might be essentially auxiliary if transcriptional repression is sufficient to silence the target. Conversely, a miRNA need not eliminate its target to exert an important phenotypic effect. For instance, a pathway might be finely balanced at a tipping point, and the quantitatively modest influence of a tuning miRNA site might flip the switch.
A third way to classify miRNA activities depends on whether their major effect is mediated through one or a few targets or through many targets (tens or hundreds) (fIG. 1c) . All known genetic switches concern cases of one or a few important miRNA targets, although it is theoretically possible for one miRNA to have many genetically important targets. In a setting in which hundreds of targets are simultaneously repressed by a given miRNA, it may be that none of the individual regulatory events is particularly important, but that the system collapses when all of the regulatory links are broken. In such a setting, a miRNA might serve as a global enforcer of cell or organ identity.
Any of these categorizations depends on a good understanding of direct miRNA targets, and on the phenotypic consequence of failing to repress each of these targets. In this regard, our knowledge of most miRNAs and their targets is arguably shallow. Nevertheless, the extant research provides compelling illustrations for each of these rationales to incorporate miRNAs into specific regulatory networks. We consider selected examples in the following sections, with emphasis on principles derived from genetic studies that often provide the clearest evidence for the biological significance of miRNA target regulation. Figure 1 | classifying microRnA (miRnA) activities and functions. a | The activity of a given target can be evaluated in the presence of a cognate miRNA. 'Switch' targets are essentially inactive following miRNA-mediated repression, whereas 'tuning' targets produce functional protein in the domain of miRNA activity. Both of these terms apply to evolutionarily conserved target relationships. Non-conserved but functional sites may mediate repression that is incidental or otherwise compensated for by other regulatory mechanisms; these are termed 'neutral' targets. Non-conserved sites may occasionally mediate beneficial, species-specific regulation. Not shown are 'anti-targets', transcripts for which miRNA-mediated repression is deterimental, such that the acquistion of target sites is avoided. b | Another means of classification is to evaluate whether loss of function of a specific miRNA is associated with a phenotype, or whether the removal of target sites from a specific target causes a phenotype. For many conserved miRNAs and their conserved targets, the repression is likely to be beneficial enough to be selected during evolution but, overall, to be auxiliary to other means of gene regulation. Only a subset of miRNAs, with a small number of targets, mediate regulation with genetically defined consequences; we call these 'miRNA genetic switches'. c | One may consider the total number of targets whose repression by a miRNA in a given setting can be detected by quantitative means. Alternatively, a more stringent classification would be to consider only those targets whose repression by a miRNA is of detectable phenotypic consequence.
Epistasis analysis
A genetic-interaction test that is applied when mutations in two genes yield different phenotypes with respect to a common biological process. One of the genes is said to be epistastic if the phenotype of the double mutant resembles that of the single mutant, as opposed to being intermediate.
Heterochronic gene
A gene that determines an organism's stage-specific temporal state during its development.
Imaginal discs
Tissues that, in holometabolous insects such as D. melanogaster, will give rise to the adult structures during metamorphosis. miRNAs as developmental genetic switches Classical genetics analysis and epistasis analysis have successfully distilled several biological processes into core components that function in orderly pathways. In a few known cases, one of the components is a miRNA. Such 'miRNA genetic switches' often share the property of reciprocal gain-and loss-of-function phenotypes. Suppose that activation of a miRNA switches the cell state from A to b (fIG. 2a) . loss of the miRNA, or perhaps even the loss of miRNA-binding sites from a particular gene, could lead to a cell becoming stuck in state A (fIG. 2b) . Alternatively, it could lead to the adoption of a mixed A-b fate (fIG. 2c) . On the other hand, ectopic activation of the miRNA could induce temporally premature adoption of, or spatial overcommitment to, state b (fIG. 2d) . We consider here a few examples of miRNA genetic switches that govern developmental programmes.
Control of developmental timing by miRNAs. The miRNA field emerged from studies that screened for genes that mediate developmental transitions in nematodes (fIG. 3) . For example, the lin-14 gene encodes a transcription factor that is crucial for the completion of the first larval stage (l1) 33 . Worms that lack lin-14 skip l1 and go straight to l2-specific lineages, whereas lin-14 gain-of-function mutants lacking 3′ UTR control sequences reiterate l1-specific lineages 34, 35 . The lin-4 gene was genetically identified as a repressor of lin-14 that becomes active during the transition to l2, and the phenotypes of lin-4 mutants are entirely reciprocal to those of lin-14 mutants 36, 37 . The surprise, of course, was that lin-4 did not encode a protein as expected, but instead a small regulatory RNA (lin-4) that binds lin-14 3′ UTR control sequences 6, 7 . A second key heterochronic target of lin-4 is an RNA-binding protein encoded by lin-28. like lin-14, its miRNA control is so important that mutation of the lin-4-binding site in a lin-28 rescuing transgene induces developmental delays, in this case reiteration of l2 lineages 4 (fIG. 2b) . Conversely, the genetic switch can be thrown by overexpressing lin-4 during l1; this induces early loss of lIN-14 and precocious entry into l2 (Ref. 38) (fIG. 2d) .
Subsequent studies of the worm heterochronic pathway revealed it to be rich with miRNA components (fIG. 3) . The miRNA let-7 controls the l4-adult transition, primarily by repressing the TRIM protein that is encoded by lin-41 (Ref. 24) . A cohort of miRNAs produced from let-7 'sister genes' (miR-48, miR-84 and miR-241) control the l2-l3 transition, by repressing the zinc finger transcription factor that is encoded by hbl-1 (Ref. 39) . Although many genes might in principle be derepressed in the absence of these miRNAs, the phenotypes of let-7 mutants and those of let-7 sistergene mutants were substantially suppressed by reducing the activity of lin-41 and hbl-1, respectively. This powerful genetic evidence argues that the repression of a handful of targets accounts for the major functions of these heterochronic miRNAs, even though they clearly have many other conserved targets [40] [41] [42] .
Potentially analogous temporal initiation of let-7 expression in various animals was noticed from early studies 43 , and some of the lin-4 and let-7 targets seem to be conserved outside nematodes 44, 45 . Recent studies of the Drosophila melanogaster let-7 gene cluster (which includes mir-100 and the lin-4 homologue mir-125) showed that the heterochronic function of let-7, and possibly that of miR-125, is conserved among invertebrates 46, 47 . Flies that carry deletions of the let-7 gene cluster are subviable, and adult survivors exhibit various behavioural defects and shortened lifespan. Closer examination revealed that let-7 and/or miR-125 mediate terminal cell-cycle exit in wing imaginal discs, and that let-7 is specifically required for remodelling neuromuscular junctions (NMJs) from the larval pattern to the adult pattern 46, 47 . These functions are analogous to that of the nematode let-7 in promoting cell-cycle exit of hypodermal cells during the l4-adult transition.
The D. melanogaster abrupt gene (which encodes a bTb zinc finger transcription factor) is an important heterochronic target of let-7 at the NMJ, as reduced abrupt dosage could suppress the temporal remodelling defect of let-7-mutant NMJs 47 . However, abrupt activity does not seem to account for the cell-cycle defect or shortened lifespan of let-7 mutants, so other important targets might be deregulated in these settings. These studies demonstrate that conserved miRNAs can have conserved functions, but the specific targets of conserved miRNAs are not necessarily fixed (for example, nematodes do not have an abrupt homologue). In general, although many miRNAs are highly conserved in sequence and expression pattern Nature Reviews | Genetics across animal genomes, vanishingly few miRNA-target interactions have been similarly well conserved 48, 49 . This suggests that extensive rewiring of the miRNA regulatory network has occurred during animal evolution.
Widespread role for plant miRNAs in directing developmental patterning. The plant miRNA target network encompasses various gene functions, but it is heavily biased towards developmental transcription factors 12 . A provocative early hint of the in vivo importance of these targets came with the realization that gain-of-function alleles of PHABULOSA and PHAvOLUtA, genes that encode HD-ZIP transcription factors that regulate the radial polarity of A. thaliana shoots 50 , contain mutations that disrupt binding sites for miR-165 (Ref. 12) . The significance of this was initially confounded by amino-acid changes resulting from these mutations. However, subsequent work on the paralogous gene revOLUtA showed that translationally silent mutations in the miR-165-binding site of a revOLUtA transgene caused it to induce characteristic gain-of-function polarity defects 51 . Therefore, HD-ZIP repression is mediated at the mRNA level by miR-165.
Many additional studies have shown that transcription factor alleles or transgenes bearing miRNA target-site mutations induce gain-of-function patterning defects 15 .
Complementary evidence from loss-of-function mutations of miRNA alleles has also emerged. Single or compound mutations in A. thaliana mir-164 genes, which regulate CUP-SHAPeD COTYleDON (CUC)-family NAC-domain transcription factors, revealed defects in flower development and spatial arrangement that were indicative of target deregulation 52, 53 . In addition, the floral homeotic defects of petunia BLIND and snapdragon fIStULAtA mutants were both found to be caused by inactivation of mir-169-family genes 54 . miR-169 miRNAs repress NF-YA-class transcription factors that enhance the expression of floral patterning genes. Although some plant miRNAs are also deployed during specific stress conditions, the preponderance of highly conserved transcription factor miRNA targets regulate developmental patterning, suggesting that this is the major function of miRNAs in plants 12, 55 . These animal and plant genes serve as paradigms of miRNA genetic switches: the strong repression of one or a few targets has a major impact on a specific biological process (fIG. 4a). especially in animals, it seems likely that these miRNA switches simultaneously repress multiple transcripts; nevertheless, the loss-of-function phenotypes of these miRNAs mostly reflect the deregulation of specific targets (fIG. 4c).
MicroRNAs that modulate specific targets
A thematic variation on the use of miRNAs is to modulate target activity. So-called 'tuning' , 'thresholding' or 'de-noising' targets are functionally active within the domain of miRNA expression. In these cases, the role of the miRNA is to precisely set a limit on target mRNA and/or protein level (fIG. 4b) . In contrast to genetic switches, in which the miRNA and its target protein are perhaps transiently co-expressed as the miRNA takes over (fIG. 3) , miRNAs that are modulatory might be expected to be more continuously co-expressed with their targets.
Multiple miRNAs set thresholds on neural precursor selection. D. melanogaster studies from the 1990s provided early evidence that Notch target genes are thresholding miRNA targets during sensory bristle and eye development. Although Notch target genes are expressed in specific cells that actively engage Notch signalling, they are repressed by spatially broad regulatory systems mediated by brd box-and K box-class miRNAs 8, 9, 56, 57 . A key demonstration was that genomic rescue transgenes for the Notch target genes Bearded and e(spl) m8 (also known as e(spl)) induced gain-of-function bristle and eye phenotypes when specifically mutated for their miRNA-binding sites, whereas corresponding wild-type transgenes did not. This suggested that miRNAs set a threshold activity level for Notch target gene transcription, possibly to ensure that Notch pathway activity is not deployed inappropriately by transcriptional noise 58 . Similar functions were ascribed to miR-9a, which regulates sensory-bristle development by Nature Reviews | Genetics 
Canalization
The capacity of individuals within a species to yield similar phenotypic traits despite genetic and/or environmental variability.
repressing Senseless, a zinc finger transcription factor that is sufficient to induce sensory-bristle specification 59 . mir-9a mutants exhibit stochastic and modest numbers of ectopic sensory bristles, perhaps reflecting the accidental triggering of the cascade for sensory-bristle specification 60 . miR-8 regulates the tuning target atrophin. A recent study of D. melanogaster miR-8 revealed that the transcriptional corepressor atrophin (also known as Gug) is a tuning target 61 . mir-8 deletion mutants exhibit various morphological and behavioural defects, but most of these could be attributed as downstream consequences of aberrant brain apoptosis induced by ectopic Atrophin 61 . Impressively, most of these overt phenotypes could be dominantly suppressed by removing one copy of the atrophin gene, implying that a major function of miR-8 is to regulate this single target. expression of an atrophin-knockdown transgene under the control of miR-8 regulatory sequences resulted in a mutant phenotype, suggesting that the Atrophin that is present in miR-8-expressing cells is necessary for development. These tests therefore qualify atrophin as a tuning target.
Plant tuning targets. Some plant miRNAs are not spatially co-expressed with their targets, consistent with their ability to slice and eliminate target mRNAs. In other cases, however, miRNA and target transcripts are co-expressed. This raises the possibility that plant miRNAs, like animal miRNAs, can tune their targets. Indeed, the A. thaliana mir-164abc triple mutant exhibits seemingly random enlargements in target CUC expression domains, which correspondingly define variable flower positions, suggesting that miRNAs provide an essential thresholding function that delimits CUC activity 53 . Similarly, blIND, FISTUlATA and miR-169 were interpreted to lend a dynamic homeostatic control to the transcriptional regulation of homeotic gene activity during flower development 54 .
In these examples the importance of miRNA-mediated tuning is substantial because minor changes in these targets have phenotypic consequences (fIG. 4b) . Presumably, the subtle control of many other conserved targets will not underlie significant mutant phenotypes, even though such regulation is beneficial enough to be selected for during evolution (fIG. 1b) . In general, the fact that many miRNAs fine-tune targets or lend robustness to pathway output has led to the hypothesis that miRNAs are often exploited to canalize developmental traits 62 
Target batteries control spatial or temporal state Thus far, we have mostly considered the control of single targets by miRNAs. because animal miRNAs can regulate targets with as few as seven nucleotides of complementarity, their potential to regulate large numbers of targets is obvious (fIG. 4d) . How have animals capitalized on such expansive regulatory potential? Computational and experimental studies support models in which miRNAs are used to broadly influence spatial or temporal identity.
Expression profiling reveals miRNA control of gene batteries. Microarray expression profiling provided evidence for broad enforcement of tissue identity by tissue-specific miRNAs. When the heart-and muscle-specific miR-1 or the brain-specific miR-124 was introduced into Hela cells, hundreds of genes containing miR-1 or miR-124 seed matches, respectively, were downregulated 63 . The inferred direct targets of miR-1 were normally expressed at their lowest levels in heart and muscle tissue, relative to all other tissues in the body, and the inferred direct targets of miR-124 were expressed at their lowest relative levels in the brain. Thus, the introduction of tissue-specific miRNAs into a naive cell type detectably shifts their gene-expression profile towards that of the endogenous miRNA tissue of origin. repression by a miRNA might often have minor consequences, but could have substantial effects if the biological system is sensitive to minor fluctuations in target activity. c | Although most animal miRNAs are likely to influence a battery of targets in a given cell, the phenotype caused by loss of a miRNA might demonstrably be due to one or a few targets. d | In some cases a miRNA might exert relatively equivalent effects across a large number of targets, the collective deregulation of which might lead to a detectable phenotype. However, the loss of miRNA-mediated repression of an entire target battery can also be fully compensated for by other regulatory mechanisms. RISC, RNA-induced silencing complex.
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Analysis of cell lines and whole organs provided further evidence that highly expressed miRNAs impose an mRNA expression signature in which their direct targets are depressed relative to their levels in other cells that do not express the miRNA 28, 29 . These approaches were recently complemented by large-scale proteomics studies that similarly show that individual miRNAs can subtly, but detectably, repress the protein output of hundreds of seed-bearing targets 64, 65 . This supports the notion that miRNAs direct global changes in gene activity that are precisely appropriate for a given cell type or organ.
Mutual exclusion model for miRNA-target expression.
The aforementioned studies concluded that miRNA targets are frequently 'lowered, but not off ' when they are co-expressed with their cognate miRNAs. A variation of this concept is 'mutual exclusion' , which proposes that many miRNAs are not substantially expressed in the same cells as their targets. This idea came from considering developmental lineages such as the neuroectoderm, a multipotent tissue that gives rise to the epidermal ectoderm as well as to specialized neural cells. The central nervous system (CNS)-specific miR-124 preferentially targets differentiated epidermis genes while generally avoiding CNS genes 31 . This suggests a model in which the potential 'noise' of epidermal gene expression in neurons, a possibility because of the common prior developmental history of the two tissue types, might be excluded by the activation of the tissue-specific miR-124. In support of this, in situ hybridization experiments in D. melanogaster embryos illustrated several cases in which miRNAs are expressed in cells that are adjacent to, but spatially excluded from, their targets. In this role, miRNAs serve as a backup to silence genes that are already mostly transcriptionally inactive.
Control of maternal-zygotic transition by fish and fly miRNAs. The examples in the previous subsection concern spatial identity. The propensity of miRNAs to regulate large target batteries may also confer temporal identity. Although the first few nematode miRNAs studied had small sets of temporal targets, the study of zebrafish development showed how a single miRNA family controls temporal identity during the maternalzygotic transition (MZT) 27 . As with many animals, the rapid initial development of the fertilized fish embryo is fuelled by maternally provided stores of mRNAs and proteins. eventually the pace of cell division slows down and begins to depend on zygotic transcription; during this time (namely the MZT) maternal gene products are cleared away.
The early fish zygote expresses tremendous amounts of miR-430-family miRNAs, and thus the early phenotype of embryos that are maternally and zygotically deficient for Dicer (MZ-Dicer embryos) is largely attributable to the loss of miR-430 miRNAs. MZ-Dicer embryos accumulate hundreds of maternal transcripts that normally decline after wild-type MZT, and many of these are direct miR-430 targets 27 . This has been interpreted as a situation in which the loss of miR-430 miRNAs yields an inappropriately mixed state (fIG. 2c) . Importantly, these maternal gene expression defects can be substantially suppressed by reintroducing mature miR-430 duplexes into MZ-Dicer embryos 27 . These findings supported a model in which miR-430 facilitates a temporally sharp MZT by clearing away a battery of maternally provided transcripts (fIG. 4d, upper  pathway) .
Recently it was shown that D. melanogaster MZT uses miRNAs in an analogous fashion. The situation is not entirely the same as in the zebrafish, as fly MZT is heavily dependent on Smaug, an RNA-binding protein that coordinates the degradation of hundreds of maternal transcripts during MZT 66 . Nevertheless, among the earliest zygotically active loci is a cluster of eight miRNA genes that encodes five different mature miRNAs (the miR-309 cluster). Although mutants lacking this miRNA locus have only moderately reduced viability and normal morphology, they exhibit an unmistakable molecular signature in that a battery of maternally expressed genes is maintained following MZT; many of which are predicted to be direct targets of the various miR-309-cluster miRNAs 67 .
As none of the D. melanogaster miR-309-cluster miRNAs is related to zebrafish miR-430, their respective use in MZT is presumably evolutionarily convergent. It is worth noting that MZT involves the regulation of many targets that are divorced from transcriptional control, a property that makes them well suited to regulation by miRNAs. This may conceivably underlie the similar use of miRNAs to effect a temporally sharp MZT in different organisms.
Box 1 | Canalization of regulatory programmes by microRNAs (miRNAs)
Although miRNAs can have essential roles in directing some biological processes, it seems likely that the action of many miRNAs with highly conserved targets has no discernable consequence, at least under assayable laboratory conditions. For example, systematic deletions of nearly all Caenorhabditis elegans miRNA genes revealed unexpectedly few developmental or behavioural phenotypes 86 . By extension, few miRNA-target relationships seem likely to be required for substantial observable traits. What is the meaning of regulatory networks that can be computationally inferred but not experimentally visualized?
One possibility is that the incorporation of miRNA-mediated control raises the fidelity of stereotyped processes that are already under exacting control by other mechanisms, such as transcriptional regulation or post-translational control 62 . By buffering inherent genetic noise, leaky transcription, or decreasing variability incurred by ever-changing environmental conditions, many miRNA-target regulatory interactions might be beneficial enough to be selected during evolution. Overall, however, the regulation of many individual miRNA targets might still be responsible for minute improvements to individual fitness.
In such cases, it will be extremely challenging to attain phenotypic evidence for the endogenous utility of highly conserved miRNA regulatory targets. In search of effects beyond purely molecular phenotypes (for example, the slight increase in the levels of a target transcript or protein in a miRNA mutant), perhaps a useful approach will be to subject miRNA mutants lacking obvious phenotypes to sensitized genetic backgrounds or to environmental stresses. With the current lack of phenotypic evidence from such approaches, however, bioinformatic evidence from evolutionary conservation, functional enrichments of targets or spatiotemporal expression of miRNA target cohorts might be our best indication of the usefulness of many miRNA-target interactions.
Distinguishing 'more' and 'less' important targets It should now be evident that miRNA targets do not comprise a homogenous class. Therefore, the existence of thousands of highly conserved miRNA-target relationships should not be taken to imply that there are thousands of regulatory interactions with the phenotypic importance of, for example, the lin-4-lin-14 interaction. A pressing challenge for the miRNA field is to clarify the extent to which the major activities of miRNAs with many predicted conserved targets might be largely attributable to a few specific targets (fIG. 4c,d) , as with the field-founding nematode miRNAs (fIG. 3) . Many examples have recently emerged from invertebrate and vertebrate studies, indicating that the early worm genetic studies were not unique in this regard.
miR-150 and haematopoiesis. miR-150 is a well conserved miRNA that is specifically expressed in the haematopoietic system in mature T and b cells, and its misexpression in immature b cells blocks their differentiation 68 . As with other well conserved miRNAs, there are hundreds of genes with well conserved miR-150-binding sites. but out of this large target battery, careful analysis of mice lacking the sole murine mir-150 gene revealed alterations in b cell numbers that could be attributed to deregulation of the transcription factor MYb alone 69 . Importantly, subtle alterations in MYb level -in the range of 25-35% -have profound effects on b cell development. This provides a rationale for why regulation of this target by a miRNA might have a particularly substantial impact on the phenotype. miR-279 and olfactory neurons. miR-279 is one of a small group of miRNAs that were identified through a loss-of-function mutation in a forward genetic screen, in this case for genes that are required for the development of the D. melanogaster olfactory system. loss of miR-279 causes CO 2 -sensing neurons, which are normally restricted to the antennae, to be generated ectopically in the maxillary palps 70 . miR-279 has many predicted targets that are neural transcription factors 71 ; however, the zinc finger transcription factor that is encoded by nerfin stands out because it has multiple conserved target sites. Indeed, loss of one copy of nerfin significantly corrected the mir-279-null phenotype 70 . On the other hand, misexpression of nerfin was insufficient to recapitulate the mir-279-null phenotype. Therefore, this seems to be a mixed situation in which multiple targets probably contribute to the miRNA phenotype, but nerfin is amongst the most important of these targets. This was inferred to be a key target because removal of Mef2c from the mir-223-mutant mouse rescued its neutrophil defect 73 . Deletion mutants of the murine miR-17-92 cluster arrest at the pro-b cell to pre-b cell transition and exhibit elevated levels of the product of the pro-apoptotic target Bim (also known as Bcl2l11) 74 , and the loss of Bim can partially suppress the phenotypic effect of the loss of Dicer in lymphocyte progenitors 75 . All of these miRNAs have tens to hundreds of highly conserved targets, and the preservation of these targets over tens of millions of years of evolution demonstrates their functional utility. Nevertheless, genetics provides evidence that the deregulation of individual targets can often underlie substantial aspects of miRNA-knockout animals (fIG. 4c) .
Many miRNA genetic switches involve signalling genes or transcription factors, the activity modulation of which can potentially have broad consequences. It is also worth noting that several miRNA genetic switches involve targets that encode regulators of miRNA expression and/or activity
. bistable loops offer a means to amplify the effects of miRNA-regulatory interactions, and understanding such circuits can be essential for understanding the consequences of successful or unsuccessful miRNA-mediated target repression. miRNAs as reversible regulators miRNAs can have substantial effects on target transcript levels, but they also often function as translational repressors. In contrast to irreversible target cleavage or degradation, translational regulation offers the possibility for target mRNA reactivation. Such temporal responsiveness may make translational repression a favoured use of miRNAs, as target mRNA reactivation should be quicker than activating the transcription of a repressed genomic locus. In addition, miRNAs have the theoretical utility of spatially compartmentalized regulation. This might be particularly advantageous in polarized cells, in which local translation of certain proteins is desirable for characteristic cell behaviours.
HuR opposes miR-122 function in liver cells. Metabolic pathways are prime candidates for settings in which reversible regulation might be exploited. Rapid responses to changing physiological states might be enabled by the ability to store mRNAs and release them for translation at a moment's notice. For this to work, there need to be mechanisms that can compete with miRNA-mediated control. The best characterized example of this applies to the liver-specific miR-122. Amongst its targets is the CAT1 amino-acid transporter, the activity of which is generally kept low to minimize arginine hydrolysis by arginase, which is abundant in hepatocytes. However, it is desirable to upregulate CAT1 activity during liver regeneration, to ensure that there are sufficient amino acids for protein synthesis. In this context, the inhibition of CAt1 (also known as SLC7A1) by miR-122 is opposed by the RNA-binding protein HuR during amino-acid deprivation and other stresses, allowing for de novo translation of CAT1 from pre-existing mRNAs 76 (fIG. 5a ).
Drosha and Dicer
RNAse III enzymes that catalyse nuclear and cytoplasmic cleavage, respectively, of animal miRNA precursors. Plants lack Drosha, and a Dicer homologue called Dicer-like 1 seems to execute both cleavage events in the nucleus during miRNA maturation. Various animal and plant Dicers are also involved in small interfering RNA biogenesis.
Reversal of miRNA repression in neurons. The ability to regulate gene activity at synapses is vital, owing to the tremendous length of the axons that separate these active sites of cell communication from nuclear transcriptional regulation. local translational regulation at the synapse might allow for rapid activity-dependent changes in gene activity. A study in cultured rat neurons indicated that exposure to brain-derived neurotrophic factors can relieve the repression of lim domain kinase 1 mRNA by miR-134 (Ref. 77) . Also, studies in D. melanogaster brains suggest that olfactory stimulation leads to the derepression of CaM kinase II by antagonizing small-RNA-mediated silencing 78 . Although the mechanisms of miRNA target derepression are not fully understood in these examples, these findings hint at the biological exploitation of reversible miRNA control in neurons (fIG. 5a) .
Dead end 1 opposes miRNA-target interactions in germ cells. As mentioned earlier, members of the miR-430 family are ubiquitously active in the early fish embryo and can repress targets in both the early soma and the germ line. It is therefore curious that selected targets, including the translational repressor that is encoded by nanos are repressed in the soma but manage to evade miR-430-mediated repression in primordial germ cells (PGCs) 79 . How does the animal rescue selected maternal messages from miRNA-mediated silencing? It seems that a major mechanism involves the opposition of germ-cell-expressed miRNAs by the RNA-binding protein Dead end 1 (DND1) (fIG. 5b) . Dnd1 mutation causes germ cell loss in various vertebrates, and in certain mouse backgrounds can lead to testicular germ cell tumours that arise from the few surviving germ cells. DND1 not only opposes miR-430 repression in zebrafish PGCs, it also allows the miR-372 target LAtS2 to escape repression in a human germ cell tumour line 80 . RNA-binding proteins are notable as one of the largest classes of proteins with biological functions that are generally poorly understood. It seems likely that some of these factors with currently unknown functions will prove to modulate the regulatory capacity of
Box 2 | Bistable loops involving microRNAs (miRNAs)
Regulation by miRNAs does not have to be a one-way street. In many cases in which miRNAs function as genetic switches, miRNA targets encode regulatory factors. In several cases, the function of these factors feeds back to repress the miRNA. This regulation therefore constitutes a bistable loop -that is, a regulatory interaction that leads to robust commitment to one of two possible outcomes.
In one simple bistable loop that has a role in the developing Drosophila melanogaster eye (see figure, part a) , miR-7 inhibits the transcriptional repressor Yan, and Yan reciprocally represses transcription of mir-7 (Ref. 103) . This mutually inhibitory relationship helps to partition the expression of Yan into eye progenitor cells and that of miR-7 into differentiating photoreceptors, contributing to these two alternative fates.
A more complicated bistable loop, involving multiple miRNAs and their transcription factor targets, operates to assign left and right fates to the pair of nematode chemosensory neuronal cells termed ASE left (ASEL) and ASE right (ASER) [104] [105] [106] (see figure, part b) . In this system, the transcription factors DIE-1 and COG-1 specify the left and right ASE cells, respectively, in a cell-autonomous manner. The left-right-specific expression of these factors requires their post-transcriptional repression by miRNAs. In ASEL, the miRNA lsy-6 is activated downstream of DIE-1, and it directly represses cog-1. In ASER, miRNAs of the miR-273 family are activated downstream of COG-1, and they directly repress die-1. The importance of miRNAs in directing ASE asymmetry is seen, for example, in the double-ASER phenotype of either lsy-6 loss-of-function animals or cog-1 gain-of-function mutants lacking 3′ UTR sequences.
Bistable loops can also involve miRNA-processing factors. Mammalian LIN-28 was recently demonstrated to bind directly and specifically to the terminal loops of several let-7-miRNA-family precursors, and to inhibit their processing by Drosha and Dicer [81] [82] [83] (see figure, part c) . This seems to be a bistable loop, as let-7 reciprocally represses lin-28 directly 44, 107 . The loop may be relevant during neural differentiation of stem cells, with LIN-28 present and let-7 activity off in pluripotent embryonic stem (ES) cells, and with LIN-28 absent and let-7 activity on following these cells' commitment into neural stem cells. Interestingly, lin-28 was originally identified as a nematode heterochronic gene that resides downstream of the miRNA lin-4 and upstream of the let-7 miRNA 4, 108 . Nematode lin-28 is not only a genetic-switch target of lin-4, it contains also a conserved site for let-7 family members. As lin-28 mutants exhibit precocious expression of let-7, whereas lin-4 mutants (which have elevated LIN-28) have delayed expression of let-7 (Ref. 108) , it is conceivable that worm development incorporates a LIN-28-let-7 bistable loop.
Shown are examples of bistable loops that incorporate miRNAs. Note that the linkage between these factors and their associated cell states is correlative; in most of these cases there are additional factors not depicted that help determine these cell identities. miRNAs, either in particular cells or in response to specific stimuli. miRNA biogenesis itself can also be regulated. For example, the RNA-binding protein lIN-28 was recently shown to inhibit the maturation of let-7-family miRNAs [81] [82] [83] . Finally, although miRNAs are nearly always thought of as repressors, a potentially general role for miRNAs as direct gene activators was defined in cell-cycle-arrested cells 84, 85 . These different strategies and the reversibility of miRNA-mediated control endow miRNAs with regulatory flexibility that has been exploited in diverse biological settings.
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Implications of miRNA activities for disease
The principles discussed above have implications for the study of miRNAs in human disease. This is a burgeoning research topic, and we note here only a few recent examples.
The loss of individual miRNAs will derepress targets. At present, it is difficult to predict what consequences that will have for the organism. Systematic analysis of a nematode deletion collection that covers nearly all nematode miRNAs revealed that surprisingly few were obviously required for normal viability, fertility, morphology or behaviour 86 . Undoubtedly, many of these mutants will eventually prove to be less fit than their wild-type counterparts in some respect. Taken the other way around, the fact that so many miRNA mutants seem to be viable 74 ), it seems likely that loss of many individual human miRNA genes will prove to be compatible with life and reproduction but will underlie postnatal cardiac, immune, neurological or metabolic disorders.
As discussed, miRNAs might conceivably exert their major activities through handfuls of key targets or through the sum regulation of large batteries of targets with subtle individual regulation. In cases of the former type, the escape of individual targets from miRNAmediated regulation may be of particular consequence. A long history of model-organism genetics indicates that very few genes are likely to cause a substantial gain-of-function phenotype simply by losing their 3′ UTRs. On the other hand, it is well worth knowing these few, as they are potentially attractive therapeutic targets. For example, HMGA2 encodes a chromatinassociated protein and contains seven let-7 sites in its 3′ UTR. The specific loss of these miRNA-binding sites strongly potentiated its ability to induce tumours 91, 92 . This correlates well with the observation that various malignant HMGA2 translocation alleles similarly delete the 3′ UTR and let-7 sites. Thus, HMGA2 may represent a type of miRNA genetic switch, especially in cancer cells. Generally speaking, a small number of targets maintain multiple conserved sites for a given miRNA, and many of these have proved to be of substantial genetic importance
.
In the other direction, the overexpression of miRNAs could lead to the potentially detrimental over-repression of targets (fIG. 2d) . This is probably of broad consequence, as apparently both genetic-switch and fine-tuning targets are susceptible to strong repression by ectopic miRNAs, yielding target loss-of-function phenotypes 32 . As miRNAs can operate through as little as seven nucleotides of complementarity, one must also consider the idea that repression through illegitimate sites created by mutations may have phenotypic consequence. For example, the muscular phenotype of the Texel sheep strain is due to a mutation in the myostatin 3′ UTR that creates a binding site for miR-1 and miR-206 -miRNAs that are highly expressed in skeletal muscle 93 . As a key negative regulator of muscle mass, even slight decreases in myostatin activity yield muscle overgrowth.
A potentially broad connection to human disease was inferred from the location of many miRNA loci near fragile chromosomal sites 94 . If such aberrations are causally due to miRNA dysfunction in the heterozygous state, it seems likely that many of them either remove repressive cis-regulatory elements or bring into proximity novel transcriptional activation elements that deregulate miRNA expression. The appropriate transcriptional regulation of miRNAs is therefore of great importance. This is well illustrated by Myc, a transcription factor with both activator and repressor function. It was recently reported that there is widespread direct repression of miRNAs by Myc. This may be functionally linked to the oncogenic activity of Myc, as the enforced expression of Myc-repressed miRNAs could suppress Myc-induced tumours 95 . Conversely, some miRNAs, including the six miRNAs that are encoded by the mir-17-92 operon, are directly activated by Myc 96 . This also has clinical consequences, as the mir-17-92 locus is highly amplified in various solid tumours and b cell lymphomas 97 , and enforced expression of this miRNA operon accelerates Myc-induced tumorigenesis 98 . The cis-regulatory control of few miRNAs is known in detail, but these observations indicate that it will be crucial to elucidate both the transcriptional activation and the transcriptional repression of miRNAs.
Conclusions miRNAs have roles in diverse aspects of plant and animal biology, and careful consideration of how miRNAs are used suggests many parallels with transcriptionfactor-mediated gene regulation 99 . There is a fundamental hierarchy to both of these systems. As miRNAs require an RNA substrate to repress, miRNA-mediated regulation acts downstream of transcriptional control. This does not necessarily mean that miRNAs are 'less important' than transcription factors. We discussed many examples in which transcriptional regulation is poorly suited or not applicable -for example, at synapses, for maternally deposited transcripts and for messages that require rapid reactivation. Nevertheless, even in these systems miRNAs are not the only solution: proteins can also direct the necessary regulation to great effect. We suggest that it is not constructive to focus on whether transcriptional, post-transcriptional or even post-translational strategies are 'best' for any particular system. Instead, the optimal operation of biological systems probably involves the coordinated use of multiple regulatory systems, and many of these will include a miRNA-mediated aspect. but one should bear in mind that the requirement for the miRNA input will vary widely among different settings.
Regarding the commonalities of plant and animal miRNAs, it is clear that both are used to direct developmental processes and physiological responses. Although an early dogma was that animal miRNAs were translational repressors and plant miRNAs were slicers, it is now evident that animal miRNAs can also degrade their targets and plant miRNAs can reciprocally effect translational inhibition. These versatile modes of repressionone reversible, the other not -may underlie the flexible incorporation of miRNAs into a variety of settings.
One difference between plant and animal miRNA seems to have held up regards the general age of miRNA-target interactions. Although many miRNAs have been broadly conserved across the plant or animal kingdoms, only in plants have many miRNA-target interactions been similarly preserved over large evolutionary distances 100, 101 . This may be correlated with the fact that plant miRNAs generally have limited numbers of predicted targets, and with the proposition that plant miRNAs can derive from inverted duplications of their prospective target genes 102 . Thus, most plant miRNAs that survived the evolutionary test of time seem to have been selected because of their inherent function as dedicated genetic switches, and most of these seem to involve developmental transcription factors.
On the other hand, the targets of highly conserved animal miRNAs seem to evolve comparatively rapidly 48 . This may reflect a greater exploitation of animal miRNAs relative to plant miRNAs to mediate subtle regulation of many targets. Animal targets might easily be acquired through random mutations that fortuitously create sites. If these ever prove beneficial, their regulatory influence could be positively selected during evolution 30, 49 . Animal miRNA targets are also quite heterogeneous in terms of the quantitative amount and the phenotypic consequence of their regulation by miRNAs (fIG. 4) . Thus, although a handful of animal miRNA-target interactions are of the life-or-death variety, most will have only minor effects on the organism.
A pressing challenge for the future will therefore be to determine the extent to which miRNAs directly influence the activity of target genes with predicted conserved sites (or non-conserved sites), and to elucidate the extent to which this has detectable phenotypic consequences. A lesson from both plants and animals is that a miRNA may not need to eliminate a target in order to have a Box 3 | Frequent occurrence of multiple target sites in microRNA (miRNA) genetic switches It is a challenge to discern individual predicted targets of particular consequence from large numbers of conserved predicted sites. However, it is striking that many of the animal miRNAs that have been identified through the discovery of loss-of-function alleles in forward genetic screens have genetic-switch functions that are substantially mediated by individual targets with multiple conserved sites. These include lin-4-lin-14 (Refs 6,7), lsy-6-cog-1 (Ref. 104) and miR-279-nerfin (Ref. 70) . In fact, these particular targets have the most conserved octomeric sites for the cognate miRNA, according to TargetScan 21 . Bearded 109 and E(spl)m8 (Ref. 110) emerged from forward genetic screens as key miRNA targets that have multiple Brd-box miRNA sites or K-box miRNA sites 8, 9 , respectively, and similar trends apply to several miRNAs that have been analysed by reverse genetic screens, such as let-7 sister miRNAs: hbl-1 (Refs 41,42) , miR-150-myb (Ref. 69) and miR-223-Dmef2c 73 . This is not to say that individual targets with single binding sites are not important or cannot be genetic switches. A classic example is lin-28, which mediates a genetic-switch function through a single lin-4 target site 4 . On the other hand, the existence of target genes that maintain exceptional pairing to individual miRNAs may reflect regulatory linkages with biology that is worth investigating.
substantial effect on phenotype, if the target itself is highly dose-sensitive. From the disease perspective, knowledge of these genetic-switch targets will prove to be especially valuable, and at least some of them are likely to be genes that have been well studied in the context of development, metabolism and oncogenesis.
Additional genetic studies will be needed to understand whether miRNAs typically regulate only a handful of key targets or coordinately regulate many targets that are simultaneously each of importance. In addition, much remains to be understood about the extent to which co-expressed miRNA-target pairs might be nonfunctional owing to the influence of competing secondary structures or trans-acting factors. Answering these questions will require the ongoing marriage of genetics, molecular and structural biology, biochemistry and bioinformatics, a combination that has provided, and that will undoubtedly continue to provide, fascinating advances in our knowledge of the roles of small regulatory RNAs.
